Hemorrhagic stroke is a devastating disease with high morbidity and mortality. There is still a lack of effective therapeutic approach. The recent studies have shown that the innate immune system plays a significant role in hemorrhagic stroke. Microglia, as major components in innate immune system, are activated and then can release cytokines and chemokines in response to hemorrhagic stroke, and ultimately led to neuroinflammation and brain injury. The NOD-like receptor family, pyrin domain containing 3 (NLRP3) inflammasome is predominantly released by microglia and is believed as the main contributor of neuroinflammation. Several studies have focused on the role of NLRP3 inflammasome in hemorrhagic stroke-induced brain injury, however, the specific mechanism of NLRP3 activation and regulation remains unclear. This review summarized the mechanism of NLRP3 activation and its role in hemorrhagic stroke and discussed the translational significance.
INTRODUCTION
Stroke is the second leading cause of death worldwide. It can be divided into two types, ischemic stroke and hemorrhagic stroke [1] . While ischemic stroke accounts for the majority of strokes, hemorrhagic stroke has higher mortality and morbidity. Intracerebral hemorrhage (ICH) and subarachnoid hemorrhage (SAH) are the subtypes of hemorrhagic stroke. Brain injury after a hemorrhagic stroke causes neural function defects and the mechanisms contributing to brain injury are related to many aspects which include inflammation, oxidative stress, mitochondrial dysfunction, apoptosis and blood-brain barrier disruption. Evidence has shown that neuroinflammation is a key contributor to brain injury [2] . Recently, NLRP3 has been recognized as an important participant in neuroinflammation, and its functions in proinflammatory cytokines secretion [3] [4] [5] and subsequent inflammatory events have been demonstrated in hemorrhagic stroke, and inhibition of NLRP3 provided protective effects in hemorrhagic stroke-induced brain injury [3, [6] [7] [8] . In this review, we discussed the important role of NLRP3 inflammasome in hemorrhagic stroke.
THE CONCEPT OF INNATE IMMUNITY
The innate immune system plays a critical role in response to brain injury. The components of the innate *Address correspondence to this author at the Department of Neurosurgery, The Second Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou, Zhejiang, China; Tel: +86-571-87784815; Fax: +86-571-87784755; E-mail: saintchan@zju.edu.cn immune system mainly include microglia, macrophages and astrocytes. Among them, microglia are the primary responder in the central nervous system (CNS) [9] . Classical microglia activation is induced by innate immune signals, such as Toll-like receptors, and by the cytokine interferon (IFN)-γ. Microglia can be activated by two different pathways that serve distinct functions responding to CNS damage. The first types are classically activated microglia called M1 and the second are alternatively activated microglia called M2. M1 are involved in destroying microbes and triggering inflammation. Alternative microglia activation occurs in the absence of strong Toll-like receptors signals and is induced by the cytokines Interleukin (IL)-4 and IL-13. In addition, M2 appears to be more important in tissue repair and anti-inflammatory function [10] . In the normal CNS, the microglia surveillance monitors neuronal firing activity and synaptic function to maintain homeostasis. Accumulation and activation of microglia have been observed after experimental SAH [11] [12] [13] , polarization towards M1 phenotype microglia is also seen in the early stage of ICH [14] . In addition, M1 microglia serve to exacerbate neuronal damage after ICH due to their secretion of pro-inflammatory molecules [14] . When activated, microglia can release cytokines such as IL-1β, IL-6, tumor necrosis factor (TNF)-α，IFN-γ as well as cytotoxic factors, including superoxide and nitric oxide. Furthermore, activated microglia can release glutamate, which binds to N-methyl-D-aspartic acid receptor and mediates neural injury [15] .
IL-1β plays a pivotal role in peripheral and central inflammation following brain injury [16] . Studies have re-ported that IL-1β is up-regulated after brain injury，and it can induce neutrophil infiltration, blood-brain barrier disruption and neovascularization [17] . TNF-α is a proinflammatory cytokine that can destroy the blood-brain barrier, exacerbate brain edema and induce apoptosis [18] . Elevated serum TNF-α protein level has been observed in SAH and ICH [19, 20] . The up-regulation of TNF-α impaired blood-brain barrier integrity, induced the release and inhibited the uptake of glutamate, and increased the expression of Aminomethylphosphonic Acid (AMPA) as well as N-Methyl-D-aspartic acid or N-Methyl-D-aspartate (NMDA) receptors in ICH [21] . Additionally, TNF-α increase also relates to cerebral aneurysms growth, rupture and delayed cerebral infarction after SAH [20, 22, 23] . IL-6 is a cytokine that exerts both pro-inflammatory and anti-inflammatory effects [24] [25] [26] . Studies have demonstrated that IL-6 is associated with the development and progression of SAH, also, it is a potential biomarker for the diagnosis and monitoring of SAH [22] . As an anti-inflammatory cytokine, IFN-β can provide a protective effect on brain injury by reducing inflammation [27] . Its protective effect was due to IL-10 production and iNOS inhibition [28] .
As another vital component of the innate immune system, pattern recognition receptors are observed to be involved in the secondary brain injury. Both Toll-like receptors and Nod-like receptors have been reported to contribute to the pathological progression of cerebral injury caused by ischemic or hemorrhagic stroke.
CANONICAL NLRP3 INFLAMMASOME
As the most intensively characterized inflammasome in the NLR family, NLRP3 is widely involved in the host defense response. It is involved in the pathogenesis of various diseases, including autoinflammatory syndromes, Alzheimer's disease, asbestosis and silicosis, gout, atherosclerosis and type 2 diabetes [29] . NLRP3 is composed of an Nterminal PYD, a central NACHT domain, and a C-terminal domain. A lot of stimuli can trigger the activation of NLRP3, ranging from pathogen-derived ligands, nucleic acid , pore forming toxins, crystalline particles such like silica, asbestos, alum, as well as endogenous signals like ATP, uric acid crystals, and changes in glucose and lipid metabolism [30, 31] . In addition, blood component, such as heme, is supposed to be a NLRP3 activator [32] . After recognition of these varied substances, or perhaps some common chemical alteration induced by these substances, NLRP3 oligomerizes with an adaptor protein ASC and the inactive form of the enzyme caspase-1. Once recruited, caspase-1 is activated and cleaves a precursor form of the cytokine IL-1β and IL-18 to generate biologically active IL-1β and IL-18.
Though plenty of studies have focused on the molecular mechanism of NLRP3 inflammasome activation, the exact mechanism remains unclear. However, it is known to require two distinct steps in canonical NLRP3 inflammasome activation, priming (signal-1) and activation (signal-2) (Fig. 1) . The priming is often mediated by TLRs and TNFR and leads to activation of NF-κB. Then, NF-κB binds with DNA after its translocation into the nucleus, and induces the expression of NLRP3. Caspase-8 and FAS-associated death domain protein (FADD) also play roles in the priming step via the regulation of NF-κB pathway [33] . A second signal is provided by a NLRP3-activating-agent (Pathogen Associated Molecular Patterns (PAMPs) or Damaged Associated Molecular Patterns(DAMPs)), and promotes caspase-1 processing and cleaving the cytokines IL-1β and IL-18 into their mature forms [34] . It is widely accepted that NLRP3 cannot directly detect DAMPs or PAMPs and bind to the ligands. Instead, multiple ligands induce a set of cellular events that culminate the activation of NLRP3. The well-accepted events, which can activate NLRP3 inflammasome, including potassium efflux via the purinergic receptor P2X7R, leakage of cathepsin B resulting from lysosomal disruption, reactive oxygen species, the release of mitochondria DNA or the mitochondria phospholipids cardiolipin, calcium influx, changes in cell volume [31, [35] [36] [37] . A universal requirement for potassium efflux in NLRP3 activation is widely accepted, however, a recent study has shown that potassium efflux is dispensable for NLRP3 activation by imiquimod and CL097 [38] .
NONCANONICAL NLRP3 INFLAMMASOME
Gram-negative bacteria introduce LPS into the host cytoplasm during infection and engage non-canonical activation of the NLRP3 inflammasome via caspase-11 (Fig. 2) . Caspase-11, a murine inflammatory caspase, is required for noncanonical NLRP3 activation. In human, caspase-4 and -5 are orthologs of caspase-11 [39] . Caspase-11 recognizes LPS induced into the host cytoplasm, and induces caspase-11-dependent cleavage of the pro-pyroptotic factor gasdermin-D. The Nterminal fragment of gasdermin D mediates pore formation on the cell membrane that leads to pyroptosis and activation of caspase-1 via the NLRP3 inflammasome [40] . Caspase-11 can cleave and activate pannexin-1 channel to induce ATP, which in turn activate the purinergic receptor P2X7R and thus activate NLRP3. Studies indicate that type I interferon is a requirement for the expression of caspase-11 via mediating STAT1-IRF9 signaling cascade [39, 40] . However, another study showed that type I interferon signaling is dispensable in caspase-11 expression [41] . A study observed that AIM2 cooperates with caspase-11 to trigger host resistance in response to Legionella. AIM2 engages active but unproc- essed caspase-1 to trigger pore formation and potassium efflux, which leads to NLRP3 activation [42] .
In human blood monocytes, there is a noncanonical NLRP3 inflammasome activation pattern called alternative NLRP3 inflammasome activation. Human blood monocytes are able to secrete active IL-1β in respond to Toll-like receptors' ligands without a second signal opposing to macrophages. LPS stimulation can induce endogenous ATP in monocytes, which engage with P2X7 receptor to activate NLRP3 inflammasome [43] . Using oxidized ATP to block the interaction between ATP and P2X7 receptor significantly reduced the release of IL-1β [43] . In human monocytes, an alternative pathway for NLRP3 activation is also observed. Although this pathway secreted caspase-1 and IL-1β，it does not require potassium efflux compared with classical NLRP3 activation [44] . In addition, the alternative pathway is able to activate NLRP3 inflammasome in the absence of pyroptosome formation and pyroptosis [45] . A TRIF-RIPK-FADD-CASP8 signaling cascade in the alternative NLRP3 inflammasome activation was identified [44] (Fig. 3) .
THE REGULATION MECHANISMS OF NLRP3 INFLAMMASOME
Thioredoxin binding protein (TXNIP), one of the αarrestin protein family, is associated with NLRP3 activation. TXNIP binds to endogenous inhibitor thioredoxin (TRX) in the resting state, and dissociates with TRX and binds to NLRP3 when responding to oxidative stress, leading to NLRP3 inflammasome activation and inflammatory cytokines release [46] . A study demonstrated that cyclosporine A, a MPT pore inhibitor, efficiently suppressed the NLRP3 activation, therefore we can infer that mitochondrial permeability formation is assumptive a requisite for NLRP3 activation [47] . miR-223 plays a role in the inflammatory signaling by binding to 3′-UTR of RhoB RNA, and leads to the regulation of TLR signaling through NF-κB and MAPK signaling pathways [48] . Once cytosolic double-stranded RNA is recognized by acid-inducible gene 1 and melanoma differentiation-associated protein 5, it induces membrane permeabilization and potassium efflux via common adaptor mitochondrial antiviral signaling protein, subsequently triggers NLRP3 inflammasome activation [49] .
In addition, complement, as the essential part of the innate immune system, has brought attention regarding activation of NLRP3 inflammasome. When TLR4 is activated by LPS, the C3aR-driven signal will then produce C3a, and lead to ATP efflux via the ERK1/2-mediated signals, subsequently, ATP efflux activates NLRP3 and cleaves procaspase-1 through P2X7 signaling [50] . C5a has been identified to regulate NLRP3 activation, the mechanism is likely via increased generation of reactive oxygen species (ROS). However, in macrophages and monocytes, C5a showed an opposite regulation in NLRP3 activation [51] . Conversely, C1q exhibits negative regulation of NLRP3 activation by driving NLRP12 mRNA expression and inducing IL-10 secretion [52] . Studies have reported that scavenger receptor CD36 (cluster of differentiation) can provide NLRP3 activation in 2 signals. First, oxidized LDL captured by CD36 induces TLR4-TLR6 heteromerization, which then leads to upregulation of NLRP3. CD36 uptakes oxidized LDL and delivers it into lysosomal compartment, and consequently causes lysosomal rupture and NLRP3 activation [53] . Studies also indicated that NLRP3 deubiquitination is required for its activation [29] .
The member of NIMA-related kinases, NEK7, is certified to be involved in the activation and assembly of NLRP3 inflammasome. In an experiment where FLAG-tagged wildtype or mutant NLRP3 was expressed in HEK293T cells, Nek7 was identified to interact with the C-terminal leucinerich repeats, and the N-terminal Pyrin domain showed function in mediating the interaction between Nek7 and NLRP3. In Nek7 −/− bone marrow-derived macrophages, caspase-1 activation and IL-1β release were abrogated in respond to NLRP3 stimuli including ATP, negiricin and toxin gramicidin, however, in AIM2 and NLRC4 inflammasome, caspase-1 activation and IL-1β release were not affected. Using short hairpin RNAs to knockdown Nek7 reduced caspase-1 activation and IL-1β release. Furthermore, NLRP3-Nek7 interaction was dependent on potassium efflux and ROS-induced NEK7 phosphorylation [54, 55] . In addition, NEK7 was also a requirement in mitosis, and it served as a switch between NLRP3 inflammasome and mitosis [54] . The roles of double-stranded RNA-dependent protein kinase and guanylatebinding protein 5 in NLRP3 inflammasome activation remain to be controversial [56] [57] [58] [59] .
THE ROLE OF NLRP3 INFLAMMASOME IN HEMORRHAGIC STROKE
Mounting evidence has shown that inflammation plays an important role in hemorrhagic stroke [60] . The pathophysiology of ICH include vessel rupture, initial hematoma growth and secondary hematoma expansion [61] . NLRP3 inflammasome is up-regulated evidently in the microglia of mouse ICH model. The NLRP3 activation and NF-κB upregulation is predominant in ICH-induced inflammatory response. P2X7R, NLRP3, caspase-1, IL-1β and IL-18 were increasingly expressed in the microglia after collagenaseinduced ICH. P2X7R siRNA treatment significantly reduced the expression of NLRP3 and downstream cytokines, subsequently improved neurologic outcome. In addition, treatment with P2X7R inhibitor suppressed the expressions of NOX-2, iNOS and ONOO-. ONOO-decomposition catalyst FeTPPS downregulated levels of NLRP3, ASC and cleaved caspase-1 after ICH, the mechanism of ONOO-may be as follows: (1) the nitrification of ONOO-dissociates TXNIP with TRX, following TXNIP binding with NLRP3. (2) The damage of mitochondria results in the release of mitochondria DNA [62] , which induces the activation of NLRP3 [63, 64] . H 2 S serves as an anti-neuroinflammatory gas transmitter in microglia, and it attenuates secondary brain injury through the P2X7R/NLRP3 inflammasome signaling pathway after experimental ICH according to a recent study [65] . Thus, P2X7R plays an important role in the NLRP3 activation of ICH. N-methyl-D-aspartic acid receptor 1 (NMDAR1) was up-regulated after ICH. Treatment with its channel blocker, MK801, attenuated the expression of NLRP3 inflammasome and IL-1β production in mouse ICH model, indicating NMDAR1 involvement in NLRP3 pathway activation by synergic activation [66] . Nuclear factor E2-related factor-2(Nrf2) is shown to scavenge reactive oxygen species(ROS) by triggering NQO1 expression, thus suppresses the expression of NLRP3 and subsequent caspase-1 cleavage. A recent study found that Nrf is downregulated in the experimental rat ICH model compared to the control group, treatment with Isoliquiritigenin(ILG) increased Nrf2 expression and alleviated neurologic deficits, also, NF-κB p65 and NLRP3 inflammasome increased after administration with Nrf2 siRNA, and ILG alleviated these effects. Taken together, the beneficial effect of isoliquiritigen in ICH may be involved with NLRP3 activation through Nrf2 and NF-κB signaling [6] . Silymarin shows similar protection in ICH model by inhibiting NLRP3 activation via Nrf2 signaling [67] . As we mentioned above, complement has gained its attention in NLRP3 inflammasome regulation. A recent study found that complement 3a and complement 5a increased significantly in rat ICH model, and ablation of C3 attenuated ICH-induced IL-1β production. This indicates that complement-induced neuroinflammation is involved in NLRP3 signaling pathway in ICH. Nevertheless, mechanism remains unclear [68] . mi-croRNAs are endogenous noncoding RNAs，and miRNAs have been found involved in regulating innate immune responses. miR-223 can bind the 3'UTR sites of NLRP3 mRNA, subsequently down-regulates NLRP3 expression and attenuates inflammation, thus producing protective effects in rat ICH model [69] .
SAH, another type of hemorrhagic stroke, has high mobility and mortality [70] . Pathophysiology of SAH is involved with vasoconstriction, blood-brain barrier disruption, increased microthrombi, brain edema, apoptosis, neurovascular coupling inversion and inflammation [71] [72] [73] . Predominantly caused by aneurysm rupture, recent researches of SAH emphasize the importance of inflammation on the formation and rupture of aneurysms [74] . One recent study observed that treatment with melatonin in mouse SAH model attenuated early brain injury via the inhibition of NLRP3 and apoptosis [75] . Furthermore, the inhibitory function of melatonin in NLRP3 activation is through increasing mitophagy proteins expression and reducing ROS generation. However, the correlation between mitophagy and ROS reduction needs further studies [76] . A previous study made an observation that P2X7R/NLRP3 inflammasome axis plays a role in SAH [77] . The receptor-interacting proteins RIP1, RIP3 and DRP1 were up-regulated after experimental SAH. Treatment with Necrostatin-1 (an inhibitor of RIP1) reduced those factors, downregulated the expression of NLRP3 inflammasome and inhibited inflammation after SAH, indicating RIP1-RIP3-DRP1 pathway mediates NLRP3 activation in SAH [78] .
CONCLUSION
Hemorrhagic stroke is a commonly encountered condition. Mounting evidence has suggested that inflammation is the principal contributor to secondary brain injury. The inflammation is initiated by activation of microglia and release of proinflammatory cytokines and chemokines. A unified mechanism in NLRP3 inflammasome still needs to be elucidated by further studies. The activation of P2X7R may be one of the multiple mechanisms in NLRP3 inflammasome activation. Other than NLRP3 inflammasome signaling, miR-223 may also mediate other inflammatory responses after ICH. The RIP1-RIP3-DRP1 pathway may be a potential therapeutic target to improve the outcome of SAH. NLRP3 inflammasome inhibition can reduce inflammatory reaction, subsequently improve prognosis. However, whether excessive inhibition may affect the ability of tissue repair and the possibility of infection is unknown. Different targets of NLRP3 inflammasome signaling in hemorrhagic stroke need to be verified.
